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Abstract
We report nine long X-ray bursts from neutron stars, detected with Monitor of All-sky X-ray
Image (MAXI). Some of these bursts lasted for hours, and hence are qualified as superbursts,
which are prolonged thermonuclear flashes on neutron stars and are relatively rare events.
MAXI observes roughly 85% of the whole sky every 92 minutes in the 2–20 keV energy band,
and has detected nine bursts with a long e-folding decay time, ranging from 0.27 to 5.2 hours,
since its launch in 2009 August until 2015 August. The majority of the nine events were found to
originate from transient X-ray sources. The persistent luminosities of the sources, when these
prolonged bursts were observed, were lower than 1% of the Eddington luminosity for five of
them and lower than 20% for the rest. This trend is contrastive to the 18 superbursts observed
before MAXI, all but two of which originated from bright persistent sources. The distribution
of the total emitted energy, i.e., the product of e-folding time and luminosity, of these bursts
clusters around 1041–1042 erg, whereas either of the e-folding time and luminosity ranges for
an order of magnitude. Among the nine events, two were from 4U 1850−086 during the phases
of relatively low persistent-flux, whereas it usually exhibits standard short X-ray bursts during
outbursts.
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1 Introduction
Since the discovery of a prolonged thermonuclear X-ray
burst with the duration of several hours from 4U 1735−44
(Cornelisse et al. 2000), about 24 of such bursts, referred to
as “superbursts” (Wijnands 2001), have been reported from 14
sources (Keek et al. 2012; Negoro et al. 2012; Serino et al.
2014b) . Among those, more than one superburst have been ob-
served from 4U 1636−536, GX 17+2, and Ser X-1 (Wijnands
c© 2014. Astronomical Society of Japan.
2 Publications of the Astronomical Society of Japan, (2014), Vol. 00, No. 0
2001; Kuulkers et al. 2004; Kuulkers 2009). The shortest ob-
served recurrence time of superbursts was only 8 days in GX
17+2 (in’t Zand et al. 2004).
Superbursts are considered to be thermonuclear flashes on
neutron stars in low-mass X-ray binaries, and are similar to
“normal” type-I X-ray bursts with a shorter duration. In fact,
all the superburst sources are known to be (normal) X-ray burst
sources. The primary difference between normal and super-
bursts is the duration. There is also a class of X-ray bursts
with “intermediate duration” (Cumming et al. 2006), which
have the decay time ranging from a hundred to a thousand sec-
onds (Falanga et al. 2008). It is thought that the duration of
an X-ray burst is related to the depth of the ignition point and
the composition of the fuel. Superbursts are ignited by carbon
burning deep in an ocean of heavier elements on a neutron star
(Cumming & Bildsten 2001). On the other hand, intermediate-
duration bursts are ignited by a thick layer of helium, which is
most commonly provided by a degenerate companion star (in’t
Zand et al. 2005; Falanga et al. 2008).
The composition of the fuel depends on the mass accre-
tion rate. The relation between the accretion rate and the time
scale of the burst has been studied for decades (e.g. Fujimoto
et al. 1981 for normal bursts). Empirically, superbursts occurred
on the persistent (not transient) sources with a high luminosity
(>10% of the Eddington luminosity) (Kuulkers 2004; in’t Zand
et al. 2004), whereas intermediate-duration bursts can occur in
the sources with a very low luminosity (<1% of the Eddington
luminosity) (in’t Zand et al. 2005; Falanga et al. 2008).
However, it is now understood that superbursts can occur
in transient sources and persistent sources with a low lumi-
nosity (Chenevez et al. 2011; Asada et al. 2011; Serino et al.
2012; Serino et al. 2014b). For example, a superburst was
observed from a transient source, 4U 1608−522 (Keek et al.
2008). The superburst occurred during an outburst, which had
started 57.6 days before the burst. Keek et al. argued that
the fuel of the superburst accumulated during the outburst was
not sufficient to generate the released energy in the burst. 4U
1608−522 had shown multiple outbursts before the superburst.
Keek et al. concluded that the fuel should have been accumu-
lated during the preceding multiple outbursts. Another exam-
ple is 4U 0614+091, a source with a low persistent luminosity
(<1% of Eddington limit), from which a superburst has been
detected on 2005 March 12 (MJD 53441) (Kuulkers et al. 2010).
Although intermediate-duration bursts from 4U 0614+091 had
been detected, superbursts from such a low-luminosity source
had not been observed before that event. These discoveries pre-
sented serious problems in theoretical models of superburst ig-
nition (Altamirano et al. 2012).
The Gas Slit Camera (GSC; Mihara et al. 2011b) onboard
Monitor of All-sky X-ray Image (MAXI; Matsuoka et al.
2009) observes about 85% of the whole sky every 92 minutes
(Sugizaki et al. 2011), and has the capability of detecting tran-
sient events with the detection limit of ∼2 ×10−9 erg cm−2
s−1 in the 2–20 keV band (e.g. Serino et al. 2014c; Negoro
et al. 2016) in a scan transit. This sensitivity is sufficient to de-
tect emission of superbursts from galactic neutron-star binaries.
The typical interval of 92 min between two GSC scans is short
enough not to miss bright transient events which last for several
hours, such as superbursts, in almost the entire sky. Indeed, all
the superbursts reported since 2009 till the time of this writing
have been observed by MAXI.
In this paper we present long-lasting X-ray bursts detected
with MAXI, which were observed in more than a scan transit
(typically 40–50 s, Sugizaki et al. 2011). We study nine long-
lasting X-ray bursts and discuss their global properties. Eight
out of nine bursts have an e-folding decay time of the bolometric
flux much longer than a thousand seconds, which is supposed
to be the upper end of the intermediate-duration burst, whereas
the decay time of the other one was about a thousand seconds.
We also look into the flux levels before and after the long bursts,
using the MAXI public light-curves of the sources. In section
2, we describe the sample of long X-ray bursts observed with
MAXI and the method of our analysis. The results are presented
in section 3. In section 4, we discuss the properties of individual
events and their canonical characteristics, and then summarize
our results.
2 Observations
2.1 Sample in this paper
MAXI has observed more than a hundred X-ray bursts1.
Whereas some of them are found by human inspection, most
of the X-ray bursts are automatically detected by the MAXI
Nova-Alert System (Negoro et al. 2016). The system works in
real time and looks through the light curves of eight types of
timescale bins (from 1 sec to 4 days) at each celestial position.
Among the timescale bins, 1 scan (typically 40–50 sec) bin is
useful to search for long X-ray bursts. The system searches the
newest time bin for a 3 sigma excess above the average flux over
the previous 9 bins (Negoro et al. 2016).
If there is a known X-ray burst source within the error cir-
cle of a sky position, where an excess is found in the light
curve, we regard it as an X-ray burst event. In this paper we
study the bursts whose the e-folding time is longer than 100
seconds. Seven events were detected in two or more consecu-
tive scans, where the interval between scans is 92 min, and ac-
cordingly were selected as candidate long-lasting X-ray bursts.
Among them a superburst from SAX J1747.0−2853 (on 2011
February 13, or MJD 55605) was observed also by INTEGRAL
(Chenevez et al. 2011).
When a burst was detected in only one MAXI/GSC scan,
1 http://maxi.riken.jp/alert/novae/index.html
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which lasts 40–50 s, it is unclear whether the e-folding time
of the burst was longer than 100 seconds or not, based on
the MAXI/GSC data alone. We in principle exclude those
events from the sample in this paper (for example, a burst from
4U 1850−086 on 2011 November 9 (MJD 55874) in section
4.2.3).
Two X-ray burst events are found to have a long duration,
by combining the data of the MAXI/GSC and other satellites
(See the column of “inst.” in table 1). One is a long X-ray burst
from 4U 1850−086 on 2014 March 10 (MJD 56726), which
was observed by Swift (in’t Zand et al. 2014). For this source,
the duration of the burst was too short to be observed in multiple
scans of MAXI. We did detect a significant increase of the fluxes
in a MAXI scan during the burst duration expected from the
Swift data.
The other one is a burst from 4U 1820−30 on 2010 March
17 (MJD 55272). MAXI failed to detect the excess of the flux
in multiple scans but only in one. We nevertheless include it
in our sample, because the duration of the burst was at least 75
min, as reported by in’t Zand et al. (2011), whose estimation
was based on both the flux of MAXI and the flux enhancement
with the RXTE/ASM.
The burst observed on 2011 October 24 was from the di-
rection toward the globular cluster Terzan 5. Although MAXI
cannot resolve the sources in a globular cluster, we identified it
as a burst from EXO 1745−248, because the burst was followed
by an outburst and the position of the outburst source was de-
termined precisely by Swift XRT and Chandra (Mihara et al.
2011a; Serino et al. 2012, and references there in). Table 1 lists
all the nine events.
2.2 Data in this paper
We use two types of data in the analyses. One is X-ray event
data of MAXI GSC, which is used for the spectral and time-
series analyses within each scan. The other is the MAXI public
light-curves,2 in which two separate time-resolutions (one or-
bit and one day) are available for each object. Figure 1 shows
the orbital light curves of our sample in the 2–4 and 4–10 keV
bands.3 In general, the peaks of the bursts are more prominent
in 4–10 keV than in 2–4 keV bands and have a shorter decay
time in the higher energy band. For the study of persistent fluxes
(section 3.5), we rebin the one-day light curves into ten-day bins
in order to study the persistent emissions of low flux level. The
results are shown in table 2.
2 http://maxi.riken.jp/top/
3 The public light curve of 4U 0614+091 is not available around the burst
time, because a structure of the International Space Station came close to
the position of the source.
2.3 Observations of normal bursts
In later sections we compare the fluxes of superbursts and nor-
mal bursts. Table 2 lists the peak bolometric flux of the nor-
mal bursts in the column Fb. In the table, we mainly refer to
the previous works with various satellites. The exception is 4U
1850−086, where we use the flux of a normal X-ray burst ob-
served with MAXI on 2010 November 2 (MJD 55502) because
the previous observation with RXTE detected no X-ray burst
from the source (Galloway et al. 2008). The peak photon flux
of the burst was 5.8±0.9 photons cm−2 s−1. Assuming a black-
body spectrum with the temperature of 2.0 keV, the peak bolo-
metric flux of the burst is calculated to be 5.9±0.9 ×10−8 erg
cm−2 s−1. This peak flux with MAXI agreed with those of 28
normal bursts from this source in 2002, observed with HETE-
2/WXM (Ricker et al. 2003; Shirasaki et al. 2003; Suzuki et al.
2006). Thus, the flux of the bursts has not changed much be-
tween 2002 and 2010.
3 Data analysis and Results
3.1 Variability within the scans of maximum fluxes
A brief brightening with a time scale of a normal X-ray burst has
been commonly observed immediately before, or at the onset
of, a superburst, and is referred to as “precursor” (Strohmayer
& Brown 2002; Kuulkers et al. 2002; Strohmayer & Markwardt
2002; in’t Zand et al. 2004). In figure 2 we plotted the light
curves of the bursts, correcting for the effective area, at the
brightest scans in the 2–20 keV energy band with 1 s time res-
olution to search for potential precursors. The light curve of
the first burst from 4U 1850−086 (on 2014 March 10, or MJD
56726) is not shown here, because the observed flux was too low
to extract a meaningful light curve with the photons observed in
a scan (see figure 1).
The light curves of some sources are contaminated with an
emission from nearby bright sources. That of EXO 1745−248
is the worst; the entire period is contaminated with an emission
from GX 3+1 and GX 5−1. Hence, it is dropped from figure 2.
The light curves of SLX 1735−269 and SAX J1747.0−2853
are partially affected with contaminating sources. The affected
time intervals are indicated with shaded regions in figure 2.
We find no obvious burst-like variability (figure 2). The
light curve of 4U 0614+091 shows a hint of possible variation,
and those of relatively short bursts from 4U 1820−30 and 4U
1850−086 show a trend of decay. All the other light curves are
consistent with a constant flux.
3.2 Spectral analyses
We perform spectral analysis of the bursts, using XSPEC, to
study a potential spectral evolution during a burst. The spec-
trum of each scan is fitted with a model, unless the statistics
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Fig. 1. The light curves of the bursts in the 2–4 and 4–10 keV bands. Each data point corresponds to a scan. The typical time interval between two scans is 92
min. For the first event from 4U 1850−086, the time of the Swift detection is indicated with an arrow. The light curve of 4U 0614+091 is not available around
the burst time, because a structure of the International Space Station came close to the position of the source.
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Fig. 2. The light curves of the brightest scans of each burst in the 2–20 keV energy band with 1 s time resolution. The light curves are corrected for the effective
area, whose time variation is displayed in the bottom panel of each burst. The shaded regions represent the time intervals affected by contamination sources.
The light curve of the first burst from 4U 1850−086 (on 2014 March 10, or MJD 56726) is not shown here, because the observed flux was too low to extract a
meaningful light curve with the photons observed in a scan.
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of the data is too poor, in which case the spectra are summed
for multiple scans before fitted (the rows in table 3, in which
the column MJD has a range, indicate the cases of spectra with
multiple scans combined).
We adopt the blackbody model (Bbody in XSPEC), which
is characterized with a blackbody temperature and bolometric
flux, for the burst component. The persistent emission from the
sources may also have to be considered. For three weak sources
(EXO 1745−248, SAX J1828.5−1037, and 4U 1850−086), the
contribution of their persistent-emission component is negligi-
ble. However, the other sources (4U 0614+091, SLX 1735−269
SAX J1747.0−2853, 4U 1820−30, and Aql X-1) had a signif-
icant persistent emission, which is incorporated in the model-
fitting. We model the persistent emission with a power law
(Powerlaw) or a power law with high-energy exponential-cutoff
model (Cutoffpl), and assume that the persistent emission did
not change during and shortly before the burst. Thus we used a
combined spectrum from scans immediately before the burst to
represent the persistent-emission spectrum.
The spectral parameters of the persistent-emission compo-
nent of each spectrum during a burst should have common
value. A simple way to fulfill the requirement is using the fixed
model parameters which are derived by a fit of the persistent
spectrum. However, this method has a problem that the errors
on the parameters of the persistent-emission component are not
considered correctly at the fit of the burst spectra.
Then we adopted a joint fit method. We jointly fitted all
the spectra before and during the burst for multiple scans, if
available. We linked the spectral parameters of the persistent-
emission component, whereas the temperature and normaliza-
tion of the blackbody component for each spectrum were al-
lowed to vary. The normalization of blackbody of the persis-
tent spectrum was fixed to zero. For example, the burst from
SLX 1735−269 on 2012 December 6 (MJD 56267) was de-
tected for two scans, and thus we had three spectra in total; two
spectra during the burst and one spectrum of the persistent emis-
sion before the burst. We jointly fitted these three spectra at a
time, where the spectral parameters of the persistent-emission
component were common to all three spectra.
The column densities of the absorption are included for
the two sources only that have a significant absorption: SAX
J1747.0−2853 with ∼ 10× 1022 cm −1 (Natalucci et al. 2004)
and SAX J1828.5−1037 with 4.1 ×1022 cm −1 (Degenaar &
Wijnands 2008). We used Wabs model to incorporate the col-
umn densities as a fixed parameter in the model fitting.
Table 3 summarizes the result of the spectral fittings. We
find that the observed peak temperatures were typical of X-ray
bursts. All the sample events showed cooling, which were par-
ticularly prominent in the early phases. This cooling is consis-
tent with the difference in the light-curves in the two different
energy-bands; the flux in the 4–10 keV band decayed faster than
that in the 2–4 keV band in most bursts (figure 1). This is the
evidence that the phenomenon is not an accretion event but a
thermonuclear burst.
3.3 Calculation of burst parameters
In table 4, we list the parameters of the bursts. Fobs is the bolo-
metric flux at the observed peak time derived with spectral fit-
ting (section 3.2). Fmax, τLB, d, and Eb are the possible max-
imum bolometric flux, the e-folding time, the distance to the
source, and the total energy of the burst, respectively.
For the first burst (on 2014 March 10, or MJD 56726) of
4U 1850−086, Fobs in the table is taken simply from in’t Zand
et al. (2011). Similarly, τLB of 4U 1820−30 and 4U 1850−086
(first) in table 4 are taken from in’t Zand et al. (2011) and in’t
Zand et al. (2014), respectively.
For the other sources, we fit the light curves of the bolo-
metric fluxes (table 3) with a simple exponential function and
estimate τLB . Then we estimate the possible maximum bolo-
metric flux Fmax by extrapolating the exponential function to
the epoch of the previous scan transit.
For SAX J1747.0−2853, we calculate Fmax, using the peak
time observed by INTEGRAL (Chenevez et al. 2011) instead
of the time of the previous scan transit. The calculated Fmax
is 1.9 ×10−8 ergs cm−2 s−1. Chenevez et al. (2011) reported
the peak flux as 6.7 ×10−8 ergs cm−2 s−1 in 3–30 keV (in-
cluding persistent flux). Using the temperature at the peak and
assuming that the persistent component was not changed, we
calculate the bolometric flux at the peak to be 6.9 ×10−8 ergs
cm−2 s−1. This peak flux is higher than the peak flux estimated
from MAXI data. The fact indicates that the initial decay was
much faster than the decay in late time or that there was a nor-
mal X-ray burst at the beginning of the superburst.
The burst energy Eb is calculated, using Fobs, τLB and d.
Note that these Eb are the lower limits of the true energy, be-
cause the true peak fluxes of the bursts would be larger than
the observed values, if the peak-flux time had been out of the
observed window; in that case, the burst energy could be as
large as Eb(Fmax/Fobs). The derived burst energies Eb are dis-
tributed around 1041–1042 erg, which is comparable with a typ-
ical energy of intermediate-duration bursts (1041 erg, Falanga
et al. 2008) and superbursts (1042 erg, Kuulkers 2004).
The shortest e-folding time in our sample is ∼0.27 hours
from 4U 1850−086 (on 2014 March 10, or MJD 56726), and
the longest one is 5.2 hours from 4U 0614+091 (on 2014
November 3, or MJD 56964). We then compare the e-folding
times of our sample with the previous ones, if any, in literature.
The previous superburst from 4U 0614+091 (on 2005 March
12, or MJD 53441) was reported by Kuulkers et al. (2010) and
the e-folding time was 2.1 hours. The one from 4U 1820−30
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2002) had an e-folding time of ∼ 1 hour. The e-folding time of
the event from 4U 1820-30 in our sample (table 4) may appear
to be shorter than that by a factor of two. However, the su-
perburst that the MAXI/GSC detected could well have started
roughly 0.5 hr before the scan, and in that case the light-curves
of both the superbursts would be consistent with each other, as
pointed out by in’t Zand et al. (2011).
There are two bursts from 4U1850−086 in our sample and
the e-folding times of the first (on 2014 March 10, or MJD
56726) and second (on 2015 May 9, or MJD 57151) bursts were
0.27 and 0.71 hours, respectively. A large variation in the decay
time of superbursts from the same source has been known for at
least three superburst sources: 4U 1636−53 (Wijnands 2001),
GX 17+2 (in’t Zand et al. 2004), and Ser X-1 (Cornelisse et al.
2002a; Kuulkers 2009). Our discovery has added another ex-
ample to confirm the large variation in the decay time in long-
lasting X-ray bursts. We discuss the classification of the sample
events by the duration in section 4.1.
3.4 First type-I bursts after the long bursts
Burst quenching is a common phenomenon after a superburst
(Cornelisse et al. 2000; Kuulkers et al. 2002). Table 4 lists the
time of the first X-ray bursts after the long bursts that we de-
tected.
Linares et al. (2011) reported that a normal X-ray burst from
SAX J1747.0−2853 (on 2011 February 13, or MJD 55605) was
observed 25 days after the superburst. Normal X-ray bursts
from 4U 1820−30 and Aql X-1 were observed by MAXI 1549
and 389 days after the long bursts, respectively. The first X-ray
burst from 4U 1850−086 after the long burst on 2014 March 10
(MJD 56726) was observed on 2015 May 9 (MJD 57151, 425
days after the long burst), which is the second event in our sam-
ple. After the second event, another X-ray burst with a longer
duration than the scan transit (∼40 sec) on 2015 November 11
(MJD 57337) occurred from the same source (see section 4.2.3).
Thus, the quenching time of the second event was 186 days. No
X-ray burst was detected by MAXI after the long bursts for the
other sources (4U 0614+091, SLX 1735−269, EXO 1745−248,
and SAX J1828.5−1037).
3.5 Persistent emissions of the sources
MAXI can monitor the persistent fluxes of the burst sources, and
therefore MAXI is an optimum instrument for studying the re-
lation between the persistent emissions and superbursts and the
potential change of the persistent flux after a superburst. Using
the MAXI light curves of one-day bin in the public data archive,
we calculate ten-day average fluxes in the 2–20 keV band (10
days – 1 day) before and (1 day – 10 days) after each burst.4 The
4 For 4U 0614+091, we use the data of 30–25 days and 1 day before, and
2–10 days after the burst, because the public light curve of 4U 0614+091
photon count rates are converted to the energy fluxes, assuming
the crab-like spectrum. The results are given in the columns
Fbefore and Fafter in table 2.
We find some significant changes in the flux after the bursts
for some sources. In order to compare the changes of the per-
sistent fluxes after the bursts with the intrinsic variations, we
plotted in figure 3 the distribution of the ten-day average fluxes
of each source in the same energy band, using all the available
MAXI data.
An increase in the persistent flux is apparent in
EXO 1745−248, and is marginally confirmed in
SAX J1828.5−1037, 4U 0614+091, and the first sample
of 4U 1850−086 (on 2014 March 10, or MJD 56726). The
burst from Aql X-1 occurred during the decay part of an
outburst while the persistent emission was continuously de-
creasing. Therefore, the persistent flux after the superburst is
expected to be significantly lower than that before the burst.
4 Discussion and conclusion
4.1 Discussion about overall properties
Before the MAXI era, most of the known superburst sources
were persistent and bright. Kuulkers (2004) summarized the
persistent luminosities of superbursters, and concluded that all
of them were at or above 10% of Eddington luminosity. In con-
trast, Falanga et al. (2008) showed that intermediate-duration
bursts could occur at ≤ 1% Eddington luminosity.
Figure 4 shows the ratio γ of the persistent fluxes of each
source before and after the superburst to the peak flux of the
normal bursts from the same source. The peak flux of nor-
mal bursts of a burster is usually its Eddington limit or close.
Accordingly, γ here is a good approximation to the Eddington
ratio of the source fluxes (Lewin et al. 1993). 4U 1820−30 has
the largest γ in our sample, which is consistent with that listed
in Kuulkers (2004). Six of the other sources are transients (ta-
ble 2). The calculated ratios of SAX J1747.0−2853 and Aql X-
1 are around 0.1 and the superbursts of these sources occurred
during outbursts. The ratios are <∼ 0.01 for six out of nine in
our MAXI sample. Among them, two sources, EXO 1745−248
and SAX J1828.5−1037, are transient and they might have been
in quiescence at the time of the superbursts. The other four of
the six are ultracompact X-ray binaries (UCXBs) or candidate
UCXBs (in’t Zand et al. 2007), which are known to have per-
sistent luminosity of a small Eddington ratio.
We should note that a selection bias may be significant;
it is easier with MAXI to find superbursts from sources with
weaker persistent emissions, because burst signals over fluctua-
tions of the persistent component are more prominent in fainter
sources than brighter ones. We need further investigations to
find whether superbursts from bright sources exist in the MAXI
is not available from 24–2 days before and 1 day after the burst.
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Fig. 4. The persistent fluxes before (triangles) and after (squares) the long
bursts, normalized to the peak fluxes of normal bursts γ. For 4U 1850−086,
there are two pairs of points, corresponding to the two bursts.
data or not.
Next, we plot in figure 5 the e-folding decay time τLB of
the burst versus the normalized peak flux, which is the peak
flux of our sample (Fobs or Fmax in table 4) normalized to
the peak flux of normal bursts (Fb in table 2). Four bursts
(from SLX 1735−269, 4U 1820−30, and two bursts from
4U 1850−086) showed an e-folding decay time τLB shorter
than one hour and had a relatively high peak flux. 4U 0614+091,
SLX 1735−269, 4U 1820−30 and 4U 1850−086 are (or
are suppose to be) UCXBs, from which intermediate-duration
bursts are often observed. The observed durations and fluxes of
the bursts from these sources except 4U 0614+091 are consis-
tent with intermediate-duration bursts. Therefore, we argue that
the four long bursts with an e-folding decay time τLB shorter
than one hour which MAXI detected from SLX 1735-269, 4U
1820-30 and 4U 1850-086 should be classified as intermediate
bursts. Notably, the burst from SLX 1735-269 is the longest in-
termediate burst ever found. Consequently, the other five events
are superbursts.
The derived peak fluxes have a large ambiguity due to the
unknown delay from the peak time of the burst to the scan time.
Nevertheless, the peak flux and τLB seem to show a significant
anti-correlation. In other words, brighter bursts decay faster.
Consequently, the total emitting energy of the bursts clusters
around 1041–1042 erg. Given that the data contain two classes
of intermediate-duration burst and superburst, it appears that
bursts with a wide range of durations follow the same relation.
The suggested anti-correlation between the peak flux and the
e-folding time does not hold for normal bursts, because the nor-
malized peak fluxes of normal bursts are by definition equal to,
or smaller than, unity, whereas the durations of normal bursts
are more than an order of magnitude shorter than an hour.
We calculate the parameters of nuclear reactions, using the
cooling model given by Cumming & Macbeth (2004). The
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Fig. 5. A scatter plot of the fluxes of the long bursts normalized to those of
normal bursts and τLB of the long bursts. The lower ends of the fluxes are
the observed ones (Fobs), and the upper ends are possible maximum fluxes
(Fmax). For the first event of 4U 1850−086, we simply plot the error of
the observed flux. The dashed line of the SAX J1747.0−2853 shows Fmax
observed by INTEGRAL. The relation [normalized flux = 1/τ ] is shown with
a dotted line.
model parameters are the ignition column depth y12 in units
of 1012 g cm−2 and energy release per unit mass E17 in units
of 1017 erg g−1. The model approximates the light curves of
the bursts with a broken power-law function, which has the de-
cay indices of −0.2 and −4/3 in the early and late phases, re-
spectively. The parameter tcool, indicating the transition time
between the two indices, is proportional to y3/412 . Therefore, a
burst with a larger ignition column depth y12 stays bright for a
longer period. The luminosity L of a burst is a direct function of
the energy release E17: L∝E7/417 and L∝E
1/2
17 in the early and
late phases, respectively. Thus, we can obtain these parameters
by fitting the light curves of the bursts.
This analysis requires good statistics. Hence, we used the
events with more than two observed scans only: 4U 0614+091,
SAX J1747.0−2853, EXO 1745−248, SAX J1828.5−1037,
and Aql X-1. For EXO 1745−248, we considered the cases of
two possible distances. The uncertainties of the burst peak time
(and the flux at that time) are the major cause of the systematic
error, because the peak-flux time may be out of the observed
window as discussed in section 3.3. Note that the maximum
values of the peak fluxes are listed in the column Fmax in ta-
ble 4 and the minimum values are equal to Fobs in the table.
We perform calculation of the model parameters for seven
possible peak times for a burst with model fitting, except for
SAX J1747.0−2853, where we simply accept the burst peak-
time observed with INTEGRAL. Figure 6 shows the results.
Compared with the works in literature for the past superbursts
(for example, Cumming et al. 2006; Keek et al. 2008), our re-
sults are in the typical range of the parameters.
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from SAX J1747.0−2853, the burst peak was observed by INTEGRAL, and
hence we use the time of it (a single point in the figure).
Burst quenching has been studied systematically by
Cumming & Macbeth (2004) and Keek et al. (2012). There
is only an event with a short (<100 days) quenching time
in our sample (table 4). A normal X-ray burst from
SAX J1747.0−2853 was observed 25 days after the superburst
(Linares et al. 2011). The model by Cumming & Macbeth
(2004) gives an estimation of the quenching time. Using y12,
E17 (figure 6) and γ (figure 4), we calculated the quenching
time to be 26 days, which is consistent with the observed one.
Good agreement between the predicted and the observed values
of quenching time have been reported for superbursts (for exam-
ple from 4U 1636−536 on 1999 June 26 (MJD 51324) Kuulkers
et al. 2004; from GX 17+2 on 1996 September 14 (MJD 50340)
and on 1999 October 1 (MJD 51452) in’t Zand et al. 2004; from
4U 0614+091 on 2005 March 12 (MJD 53441) Kuulkers et al.
2010). Our result adds another example to that, and confirms
the relation.
4.2 Discussion on individual sources
4.2.1 4U 0614+091
A superburst from 4U 0614+091 was observed on 2005 March
12 (MJD 53441) with RXTE/ASM before the MAXI era.
Kuulkers et al. (2010) reported that the source had experi-
enced brightening in the hard X-ray (15–50 keV) data be-
fore the superburst. Then, we look through the light curve of
Swift/BAT transient monitor results provided by the Swift/BAT
team (Krimm et al. 2013), and find that the superburst observed
by MAXI also occurred at the time of the high persistent flux.
These facts suggest that some special accretion condition may
induce superbursts.
Kuulkers et al. (2010) pointed out that this source showed
flaring and quiet periods in the persistent emission. They found
that an intermediate-duration burst occurred during the calm pe-
riod and that all the other bursts including the superburst oc-
curred during the flaring period. We have found the same trend
in the MAXI data; the superburst observed by MAXI also oc-
curred during the flaring period.
4.2.2 Low accretion rate in EXO 1745−248 and SAX
J1828.5−1037 before the superbursts
We find that EXO 1745−248 and SAX J1828.5−1037 had a
very weak persistent emission before the superbursts. It is
unclear how these superbursts were ignited during the peri-
ods of low accretion rate. Indeed, Altamirano et al. (2012)
has argued that the low accretion rate of EXO 1745−248 be-
fore the superburst makes the ignition difficult. Another case
of a superburst during the period of low accretion was from
so-called “burst-only source”, SAX J1828.5−1037 (Cornelisse
et al. 2002c; Cornelisse et al. 2002b). Campana (2009) esti-
mated the 0.5–10 keV unabsorbed flux in quiescence to be 1.5
× 10−13 erg cm−2 s−1. Hands et al. (2004) reported that the
source had been observed 2001 March and 2002 September, but
had not been detected in the latter observation with the upper
limit of the flux of 2 × 10−14 erg cm−2 s−1 in the 2–10 keV
band.
At least two outbursts have been observed from SAX
J1828.5−1037 so far, in 2001 (Hands et al. 2004) and in 2008
(Degenaar & Wijnands 2008). The flux level during the lat-
ter outburst was at about 10−12 erg cm−2 s−1. The distribu-
tion of 10-day average fluxes of this source observed in 2011
by MAXI/GSC (figure 3) clusters around 10−10 erg cm−2 s−1,
and the fluxes are higher than those of above-mentioned out-
burst. Note that the observed flux in figure 3 is higher than the
real one due to the contamination of the Galactic ridge emis-
sion. MAXI can not detect an outburst with the flux of 10−12
erg cm−2 s−1. On the other hand, the peak flux of normal X-
ray burst from this source was 4.3 ± 1.6 × 10−8 erg cm−2 s−1
(table 2). An outburst with the flux larger than 1/100 of that at
the peak of an X-ray burst should be detected by MAXI/GSC,
if it occurs.
In both the cases of EXO 1745−248 and SAX
J1828.5−1037, an increase of the persistent flux was ob-
served (figure 3). Serino et al. (2012) has shown that the
superburst of EXO 1745−248 was followed by a short outburst
for about five days in the light curve EXO 1745−248. They
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discussed the possibilities that the outburst was induced
by the superburst. The increase of the persistent flux of
SAX J1828.5−1037 may be another example of an outburst
following a superburst.
4.2.3 Correlation between accretion rate and burst type in
4U 1850−086
Although RXTE observed 1187 X-ray bursts in more than 10
years of observations, none was observed from 4U 1850−086
(Galloway et al. 2008). In contrast, HETE-2 observed 28 nor-
mal bursts from 4U 1850−086 in 2002 (Suzuki et al. 2006). In
general, the activities of normal X-ray bursts are thought to be
related to the persistent luminosities. Then, we plot the persis-
tent flux observed by RXTE/ASM5 or MAXI and the time of
normal bursts in figure 7. The source was in the HETE-2/WXM
field of view (FoV) in May–September from 2001 to 2005, be-
cause HETE-2 pointed toward the anti-solar direction. The pe-
riods when the source was in the HETE-2 FoV are indicated in
figure 7.
MAXI observed one normal burst and four long bursts from
this source. Two of the long bursts are listed in table 4. The du-
rations of the others (on 2011 November 9, MJD 55874 and on
2015 November 11, MJD 57337) were longer than those of the
scans (75 s and 40 s, respectively). However, the flux dropped
back to the background level in the next scan. Therefore, the du-
rations of these bursts are unclear, and we have excluded them
from the sample in this paper.
Figure 7 shows a possible correlation between the accretion
rate and the burst type. All the normal bursts were observed
when the persistent flux was relatively high, whereas the long
bursts occurred when the persistent flux was low. The average
persistent flux observed by ASM for 28 normal X-ray bursts was
50 mCrab with the standard deviation of 25 mCrab. The source
was not significantly detected just before the four long bursts
and 1-sigma flux upper-limits in these observations were about
5 mCrab. A trend that the burst type changes in the phase of
low persistent flux has been reported for intermediate-duration
bursts from 4U 0614+091 (Kuulkers et al. 2010, and references
therein). Our result is the first indication that the trend may
extend to long X-ray bursts from 4U 1850−086, although the
statistics of the sample is still limited to derive definite conclu-
sion.
4.3 Conclusions
We studied the properties of nine long X-ray bursts from eight
sources observed with MAXI in 2009–2015. We found that six
out of the eight sources were transient and five out of the nine
bursts occurred when the persistent luminosities were lower
5 quick-look results provided by the ASM/RXTE team:
http://xte.mit.edu/ASM lc.html
than 1% of the Eddington luminosity. These trends are con-
trastive to the superbursts observed before the MAXI era, which
originated from bright persistent sources. There is a negative
correlation between the durations and the peak fluxes of our
sample. The total released energy of them clusters between
1041–1042 erg. Using the light curves with RXTE/ASM and
MAXI, we compared the flux levels of persistent emissions at
the time of “normal” and long bursts from 4U 1850−086. We
found that the four long bursts occurred in the phase of rela-
tively low persistent flux, whereas normal X-ray bursts occurred
during outbursts.
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Table 1. The list of the bursts studied in this paper.
Name date MJD inst. ref.
4U 0614+091 2014-11-03 56964 A
SLX 1735−269 2012-12-06 56267 B
SAX J1747.0−2853 2011-02-13 55605 INTEGRAL C
EXO 1745−248 2011-10-24 55858 D, E, F
4U 1820−30 2010-03-17 55272 RXTE G
SAX J1828.5−1037 2011-11-12 55877 H
4U 1850−086 (1st) 2014-03-10 56726 Swift I, J
(2nd) 2015-05-09 57151 K
Aql X-1 2013-07-20 56493 —
References are (A) Serino et al. 2014b, (B) Negoro et al. 2012, (C) Chenevez et al. 2011, (D) Mihara et al. 2011a,
(E) Serino et al. 2012, (F) Altamirano et al. 2012, (G) in’t Zand et al. 2011, (H) Asada et al. 2011,
(I) in’t Zand et al. 2014, (J) Serino et al. 2014a, (K) Negoro et al. 2015.
Table 2. The properties of the persistent emissions and normal bursts of the bursters.
Name transient Fb ∗ Fbefore † Fafter † ref. ‡
(10−8 ergs cm−2 s−1) (10−11 ergs cm−2 s−1)
4U 0614+091 no 4–33 103 ± 6 135 ± 4 K10
SLX 1735−269 yes 6 76 ± 2 73 ± 3 G08
SAX J1747.0−2853 yes 5.0±0.1 537 ± 5 531 ± 5 G08
EXO 1745−248 yes 6.0±0.1 55 ± 2 130 ± 3 G08
4U 1820−30 no 5.5±0.2 840 ± 4 698 ± 10 G08
SAX J1828.5−1037 yes 4.3±1.6 18 ± 2 30 ± 2 C02
4U 1850−086 (1st) yes 5.9±0.9 12 ± 3 22 ± 4 This work
(2nd) 7 ± 5 16 ± 3
Aql X-1 yes 8.9±1.5 956 ± 13 338 ± 4 G08
∗ The peak bolometric flux of the normal bursts
† The ten-day average fluxes in the 2–20 keV band.
‡ The references are K10: Kuulkers et al. 2010, G08: Galloway et al. 2008, C02: Cornelisse et al. 2002c.
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Table 3. The spectral parameters of the bursts.
Name MJD∗ kTbb† Fbb‡ NH§ χ2 (DoF)‖
(keV) (10−8 ergs cm−2 s−1) (1022 cm−2)
4U 0614+091 — 83.62 (84)
56964.63 1.9+0.2−0.2 3.3+0.4−0.4
56964.69 1.5+0.2−0.2 1.6+0.3−0.3
56964.76 1.6+0.3−0.3 1.9+0.4−0.4
56964.82 1.8+0.8−0.5 1.3+0.6−0.4
56964.89 1.8+0.5−0.5 1.0+0.4−0.3
SLX 1735−269 — 24.43 (29)
56267.15 2.8+0.3−0.3 4.4+0.7−0.6
56267.15 1.9+0.8−0.5 0.5+0.2−0.2
SAX J1747.0−2853 10 131.79 (143)
55605.58 2.0+0.3−0.3 1.5+0.2−0.2
55605.65 1.5+0.3−0.3 1.0+0.2−0.2
55605.71 1.4+0.5−0.4 0.6+0.2−0.2
55605.77–55605.84 1.2+0.4−0.4 0.5+0.2−0.2
EXO 1745−248
55858.56 2.2+0.3−0.3 1.2+0.2−0.2 — 8.93 (16)
55858.62 1.7+0.5−0.4 0.6+0.2−0.2 — 6.09 (8)
55858.75 1.7+0.3−0.2 0.5+0.1−0.1 — 5.68 (6)
55858.82–55858.88 1.6+0.5−0.3 0.3+0.1−0.1 — 3.59 (4)
55858.94–55859.14 1.2+0.3−0.3 0.1+0.03−0.03 — 3.32 (4)
4U 1820−30 — 223.29 (203)
55272.72 3.0+0.2−0.2 5.3+0.5−0.5
SAX J1828.5−1037
55877.36 2.7+0.9−0.6 0.9+0.3−0.3 4.1 3.03 (5)
55877.43 1.3+0.3−0.3 0.4+0.1−0.1 4.1 3.11 (5)
55877.49–55877.55 1.5+0.3−0.3 0.2+0.1−0.1 4.1 5.53 (6)
4U 1850−086 (2nd)
57151.39 2.6+0.1−0.1 7.8+0.5−0.5 — 90.49 (98)
57151.46 0.7+0.3−0.2 0.2+0.1−0.1 — 0.82 (3)
Aql X-1 — 173.15 (188)
56493.30 1.8+0.2−0.2 2.0+0.3−0.3
56493.37 1.9+0.3−0.3 1.2+0.3−0.3
56493.43 1.6+0.6−0.4 0.5+0.2−0.2
56493.50 1.4+0.4−0.3 0.6+0.2−0.2
56493.56 1.2+0.4−0.3 0.5+0.2−0.2
56493.63 1.9+1.6−1.2 0.5+0.3−0.2
56493.69 2.3∗−1.1 0.4+6.3−0.2
56493.76 1.0+0.5−0.4 0.3+0.2−0.2
∗ The center time of the scan in Modified Julian Date
† The blackbody temperature of the spectrum
‡ The bolometric flux of the spectrum
§ The hydrogen column density
‖ The χ2 and the degrees of freedom of the fit
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Table 4. The properties of the bursts studied in this paper.
Name Fobs Fmax τLB d Eb∗ first burst†
(10−8 ergs cm−2 s−1) (hour) (kpc) (1041 ergs) (day)
4U 0614+091 3.3+0.4−0.4 4.0 5.2 3 (A,B) 6.7 ±0.8 (+1.4) —
SLX 1735−269 4.4+0.7−0.6 32 0.77 7.3 (C) 7.8 ±1.2 (+49) —
SAX J1747.0−2853 1.5+0.2−0.2 1.9 (6.9)‡(D) 4.2 9 (E) 22 ±2.9 (+5.4) ≤25 (F)
EXO 1745−248 1.2+0.2−0.2 1.5 4.2 5.5 (G) 6.6 ±1.1 (+1.7) —
6.9 (H) 10 ±1.7 (+2.6)
4U 1820−30 5.3+0.5−0.5 110 0.5±0.1 (I) 7.9 (H) 7.1 ±2.1 (+146) ≤1549 (this work)
SAX J1828.5−1037 0.9+0.3−0.3 1.7 2.3 <6.2 (J) <3.4 ±1.1 (+3.2) —
4U 1850−086 (1st) 10.7±0.9 (K) — 0.27 (K) 6.9 (H) 5.9 ±0.5 (+0) ≤425 (this work)
(2nd) 7.8+0.5−0.5 13 0.71 11 ±0.7 (+7.8) ≤186 (this work)
Aql X-1 2.0+0.3−0.3 2.6 4.3 5.0 (C) 9.3 ±1.4 (+2.7) ≤389 (this work)
∗ The radiated burst energy with statistic (systematic) error.
The systematic error is due to the uncertainty of the peak flux.
† The time of the first X-ray burst after the sample event.
‡ The number in the parentheses is the observed peak flux by INTEGRAL with bolometric correction (see text).
References are (A) Brandt et al. 1992, (B) Kuulkers et al. 2010, (C) Galloway et al. 2008,
(D) Chenevez et al. (2011), (E) Natalucci et al. 2000, (F) Linares et al. 2011, (G) Ortolani et al. 2007,
(H) Harris 2010, (I) in’t Zand et al. 2011, (J) Cornelisse et al. 2002c, (K) in’t Zand et al. 2014.
